The flavin cofactors FMN and FAD are required for a wide variety of biological processes, however, little is known about their metabolism. Here, we report the cloning and biochemical characterization of the Saccharomyces cerevisiae pyrophosphatase Fpy1p. Genetic and functional studies suggest that Fpy1p may play a key role in flavin metabolism and is the first-reported non-Nudix superfamily enzyme to display FAD pyrophosphatase activity. Characterization of mutant yeast strains found that deletion of fpy1 counteracts the adverse effects that are caused by deletion of flx1, a known mitochondrial FAD transporter. We show that Fpy1p is capable of hydrolyzing FAD, NAD(H), and ADP-ribose. The enzymatic activity of Fpy1p is dependent upon the presence of K + and divalent metal cations, with similar kinetic parameters to those that have been reported for Nudix FAD pyrophosphatases. In addition, we report that the deletion of fpy1 intensifies the FMN-dependence of null mutants of the riboflavin kinase Fmn1p, demonstrate that fpy1 mutation abolishes the decreased fitness resulting from the deletion of the flx1 ORF, and offer a possible mechanism for the genetic interplay between fpy1, flx1 and fmn1.
Introduction
The riboflavin derivatives flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN) are critical enzyme cofactors in all living organisms. FAD and FMN are required for a wide variety of metabolic processes, some of which include mitochondrial electron transport, antioxidant reduction, protein folding, chromatin remodeling, as well as the metabolism of nucleotides, amino acids, other cofactors, and numerous other biologically important compounds [1] [2] [3] [4] . Plants further rely on these cofactors for specialized functions such as blue-light signaling and photosynthesis [4] [5] [6] [7] .
Riboflavin is synthesized from GTP and ribulose-5-phosphate. This biosynthetic pathway is absent in humans and other Animalia, but has been characterized in yeast, bacteria and plants [4, [8] [9] [10] [11] [12] . FMN is then synthesized from riboflavin via ATP-dependent phosphorylation by PLOS ONE | https://doi.org/10.1371/journal.pone.0198787 June 14, 2018 1 / 24 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
function was unknown at the time) in S. cerevisiae may partially counteract a decrease in fitness that is observed by deletion of the flx1 ORF [42] . The effect of the YMR178w downregulation on the Δflx1 mutant is similar to the effect of the FAD1 upregulation with respect to the FLX1 mutant, suggesting antagonistic functions of the two. In this work, we report the cloning and characterization of the protein encoded by the YMR178w gene. The protein, hereby designated Fpy1p, was expressed in a recombinant system, purified, and characterized as a potassium-dependent pyrophosphatase with the capability of hydrolyzing FAD, NAD(H), and ADP-ribose. Fpy1p is unrelated to those of the NUDIX superfamily and represents a fully novel type of pyrophosphatase, with sequence homologs fused to FAD synthetases in animals and plants. Using this system, we additionally confirm the finding of Boone [42] that mutation of Fpy1p abolishes the decreased fitness that results from deletion of the FLX1 ORF. We also characterize a new negative genetic interaction between fpy1 and the FMN biosynthetic gene fmn1, and present data suggesting a possible mechanism for this effect.
Results

Bioinformatic sequence analysis
Previous studies identified a positive interaction between the uncharacterized gene YMR178w (henceforth referred to as fpy1) and the gene encoding mitochondrial FAD transporter, flx1 [42] . This activity led our research group to hypothesize that fpy1 may play a role in the metabolism of flavin cofactors. Fpy1p has sequence homologs across multiple kingdoms of life. S1 Fig shows select sequence homologs of the S. cerevisiae protein in representative mammal, fish, invertebrate, algal, and dicot/monocot plant species.
Unlike the yeast Fpy1p, homologous proteins in higher eukaryotes are fused to an extra domain of approximately 250 residues. This extra domain is present on the C-terminus for animal homologs and on the N-terminus of plant proteins, which is consistent with the occurrence of two separate fusion events in evolutionary history. This extra domain is homologous to Fad1p, the S. cerevisiae protein previously demonstrated to be an FAD synthetase [28] . FAD synthetase activity has also been shown for the human homolog [43, 44] . These results are consistent with convergent evolution toward fusion of an FAD synthetase with an Fpy1p-like protein, providing additional support for the idea that Fpy1p is, like Fad1p and Flx1p, involved in metabolism of flavin cofactors.
Cloning and recombinant expression of FPY1p
The ORF encoding S. cerevisiae Fpy1p was amplified by PCR from the vector supplied by Open Biosystems. The resulting DNA fragment was subcloned into pDONR221, then Gateway-cloned into pYES-DEST52, followed by transformation and functional expression in S. cerevisiae.
Purification, native molecular weight determination, and biochemical characterization of FPY1p
The recombinant FPY1p was designed to include a V5 epitope at the C-terminus as well as a polyhistidine (6xHis) tag for two-step purification by IMAC chromatography. Separation by SDS-PAGE demonstrated high purification of a protein of~35 kDa (S1 Fig), which is consistent with the theoretical molecular weight for Fpy1p (35.4 kDa), as calculated from the amino acid sequence. Gel filtration chromatography was then used to estimate the molecular weight of native Fpy1p, which eluted in a well-defined peak with a molecular weight of 102-111 kDa.
Because this value is three times the theoretical molecular weight of 35.4 kDa we, therefore, conclude that Fpy1p is active as a trimer.
Recombinant Fpy1p exhibits the ability to hydrolyze FAD, and other substrates with similar structures (Fig 1A) such as ADP-ribose and NADH; however these were hydrolyzed at about half the rate of FAD. Interestingly, while considerable hydrolysis is observed with NADH as the substrate, little or no activity was detected when using NAD + . The only substantial difference between the two molecules is the presence of a positive charge at the nicotinamide moiety, indicating electrostatic interactions may interfere with substrate binding. Additionally, when assays included free nicotinamide or lumiflavin as potential competitive inhibitors, the reaction was unaffected (Fig 1B) , suggesting that these moieties are unable to bind the enzyme as lone entities. Therefore, it is likely that steric effects, rather than direct binding, determine the substrate specificity. Further characterization of the biochemical properties of Fpy1p was conducted using FAD because Fpy1p exhibited the highest activity with this substrate.
Fpy1p was then assayed for changes in FAD pyrophosphatase activity when in the presence of a variety of metal activators. Significant enzymatic activity was observed with both Co 2+ and Mg 2+ (Fig 2) , which occurred in a concentration-dependent manner: Co 2+ yielded maximum activity at 2 to 6 mM whereas Mg 2+ peaked at 8 to 12 mM. These maxima, though high relative to in vivo levels, are consistent with previous in vitro observations of enzymes with similar activities [39, 45, 46] , and therefore 4 mM CoCl 2 or 10 mM MgCl 2 were used in our subsequent analyses. Both metals are accumulated by living organisms, and magnesium concentrations are generally higher than cobalt for yeast, though the specific concentrations vary among strains, the life cycle stages, and the environmental conditions [47] . Therefore, these results do not suggest whether one metal might be more relevant to the physiological function than the other. The activation of Fpy1p by both Co 2+ and Mg 2+ was dependent on the co-presence of potassium ions, provided here as KCl (Fig 3) . Sodium was unable to substitute for potassium, indicating the role of potassium is not generalizable to small monovalent cations, nor is it due to solely to an increase in ionic strength. Fpy1p required slightly higher concentrations of Data are expressed as a percent of activity relative to that observed when FAD is used as substrate with each metal ion, and is given as the average ± S.E. of three triplicate determinations in which AMP production was quantified. Assays were performed with 100 μM substrate along with either 4 mM CoCl 2 (cobalt) or 10 mM MgCl 2 (magnesium). (B) FAD pyrophosphatase activity of Fpy1p in the presence of potential inhibitors. Data are shown as the average ± S.E. of three triplicate determinations in which FMN production was quantified. Assays were performed using 4 mM CoCl 2 , 20 μM FAD, and 50 μM lumiflavin or nicotinamide when specified. Higher concentrations were not used due to limited solubility of lumiflavin.
https://doi.org/10.1371/journal.pone.0198787.g001
FAD pyrophosphatase from S. cerevisiae potassium for maximum activity when in the co-presence of magnesium as compared to cobalt. This difference may reflect a role of the potassium ions in facilitating the enzymemetal-substrate interaction. For both cobalt and magnesium, maximum enzymatic activity was observed near the expected intracellular potassium concentration of 200 to 300 mM [48] , thus suggesting that potassium dependence may not have a major effect on physiological function. Cobalt and magnesium ions were also found to differ in their ability to activate Fpy1p as a function of pH (Fig 4) . Whereas cobalt yielded maximal pyrophosphatase activity at pH 7.0, the presence of magnesium favored more alkaline conditions of pH 7.5-8.0. Some of this effect is likely due to the tendency of FAD to interact with some divalent metal cations and form precipitates at slightly alkaline pH [49] , respectively. Table 1 shows the kinetic properties of other enzymes that can hydrolyze FAD. While the K m values vary considerably from enzyme-to-enzyme, ATNUDX23 (A. thaliana), the only pyrophosphatase verified to affect flavin homeostasis in vivo, has a K m of 9.1 ± 0.9 μM and k cat of 0.08 s -1 [31] , which approximates what was observed for Fpy1p.
Analysis of mutant growth phenotypes
To better understand the physiological role of Fpy1p, a yeast strain with a gene deletion in fpy1 was acquired and the gene for fmn1, which encodes the dual-localized cytosolic/mitochondrial riboflavin kinase, was deleted in both Δfpy1 mutants and the wild-type parent yeast. In both backgrounds, the Δfmn1 mutation resulted in FMN auxotrophy, similar to what was previously described [27] . However, we additionally found a strong negative interaction between the two genes that has not been reported. Here the Δfmn1 single mutant displays only a 6-7% reduction in growth relative to wild-type when grown on media supplemented with 4 mM FMN (p<0.05), and the growth of Δfpy1 is statistically indistinguishable from that of wildtype, however, the Δfmn1/Δfpy1 double mutant displays an 80% reduction in growth relative to wild-type under the same conditions (Fig 5A) . Additionally, a yeast strain with gene deletion of flx1, the mitochondrial FAD transporter, was acquired, then crossed with the Δfpy1 strain to create a double mutant. Comparing the growth of yeast deletion mutants Δfpy1, Δflx1, and Δflx1/Δfpy1 to wild-type for a variety of conditions demonstrated that colony size was greatly reduced for Δflx1 but not for Δfpy1 when grown on agar plates (Fig 5) . The Δflx1/Δfpy1 mutant had increased colony size relative to the Δflx1 single mutant, demonstrating a positive genetic interaction between flx1 and fpy1. This genetic interaction does not appear to be nutrient-dependent for colony formation and occurred similarly on both SD/MSG medium as well as rich YPD medium.
This positive interaction, however, is not evident when mutants are grown in liquid cultures under standard conditions and use glucose as the carbon source. Here, there is a slight decrease in fitness in the Δflx1/Δfpy1 double mutant relative to the Δflx1 mutant alone ( Fig  6A) . However, when grown under hypoxic conditions with glucose as the carbon source, a weak positive interaction becomes evident (Fig 6B) , similar to what was observed on colony plates. We, therefore, hypothesized that the positive synergy that was observed for the Δflx1/ Δfpy1 double mutant on colony growth plates is likely due to hypoxia, which can be induced by a dense colony environment.
The slow growth phenotype of the single Δflx1 mutant was more severe when grown on the non-fermentable carbon sources glycerol and acetate as compared to growth on glucose alone. This activity may be because production of NADH from those sources depends on mitochondria. Mitochondria need FAD for this requirement to be met, however, the Δflx1 mutant has less FAD in mitochondria than the wild type [28] .
A positive genetic interaction between flx1 and fpy1 is not evident when the yeast are grown on glycerol, which is non-fermentable and highly reduced (Fig 6C) . However, when grown using the non-fermentable carbon source acetate, a weak positive genetic interaction between flx1 and fpy1 is again evident (Fig 6D) . Analysis of the growth curves indicates that the improvement in growth of the Δflx1/Δfpy1 double mutant over the Δflx1 single mutant occurs during either the lag phase or the lag/log transition, as the rate of logarithmic growth is statistically indistinguishable between the two strains (Fig 7) .
Activities of the mitochondrial FAD-dependent enzymes
Our results confirm previous observations [40, 41] that Δflx1 mutants exhibit decreased activity of the mitochondrial FAD-dependent enzymes succinate dehydrogenase and lipoamide dehydrogenase regardless of which carbon source is present in the growth medium (Table 2) . However, we found no significant effect on the activity of either enzyme in the Δfpy1 mutants, either alone or in combination with the Δflx1/Δfpy1 background. Additionally, we noted an increase in the activity of mitochondrial alcohol dehydrogenase in the Δflx1 mutants (Table 2 ). This finding is consistent with the cells compensating for the loss of NADH-consuming enzymes within the mitochondria, as described in the Discussion.
Protein-protein interactions
As noted above, many eukaryotic species express a homolog of FPY1p as a fusion to a homolog of the yeast FAD synthetase, FAD1p. Because of this homology, we assayed whether the absence of this fusion is substituted in S. cerevisiae by a physical interaction, as well as whether the observed genetic interaction between fpy1 and flx1 might similarly be due to a physical interaction. To test this hypothesis, Fpy1p, Fad1p and Flx1p were expressed with fusions that, upon interaction of bait-prey proteins, an enhanced resistance to the cytotoxic agent 
Gene expression and FAD hydrolysis in the mutants
Despite the genetic interaction between fpy1 and flx1, deletion of the fpy1 gene did not result in a detectable change in expression of flx1, as determined by qRT-PCR (S3 Fig) . Likewise, expression of fmn1 and fad1, two other genes known to be involved in flavin cofactor interconversion, were not altered by deletion of fpy1. These results indicate a lack of fpy1 expression is 
Flavin and NAD(H) contents in the yeast cells grown on acetate
To determine whether the observed growth defect of Δflx1 mutants and subsequent partial recovery in Δflx1/Δfpy1 double mutants might be due to altered homeostasis of flavins or NAD (H), the abundance of these metabolites was determined in total cell extracts of stationary phase yeast grown on acetate (Table 3) . The stationary cells were used because analysis of the FAD pyrophosphatase from S. cerevisiae growth curve showed that the effect on growth is a consequence of a delay during the transition of stationary cells into the log phase (Fig 7) . We found that while the content of both flavins (FAD in particular) and nicotinamides are decreased in the Δflx1 mutant, the opposite effect is observed in the Δfpy1 mutant. This phenotype is consistent with previous reports that the Δflx1 mutant is susceptible to respiratory defects, and with FAD/nicotinimides serving as a substrate for FPY1 in vivo. Significantly, the net effect in the Δflx1/Δfpy1 double mutant is an increase in flavins/nicotinamides over the levels observed in the Δflx1 mutant, suggesting that the reduction in hydrolysis of FAD and NADH in the double mutant is responsible for the compensation of the detrimental effects of Δflx1, and the subsequent improvement in growth.
Discussion
A previous study identified YMR178w (now named Fpy1) as an enzyme of unknown function that may play a role in flavin nucleotide metabolism based on the genetic interaction with the mitochondrial FAD transporter Flx1p [42] . Analysis of the amino acid sequence for Fpy1p shows that this enzyme maintains sequence homologs across multiple kingdoms of life (S1 Fig) . In plants and animals, Fpy1p homologs are fused to additional sequence homologs of yeast FAD synthetase Fad1p. The orientation of the two fused domains is reversed in plants versus animals (N-versus C-termini). Therefore, we conclude that the fusion in the two kingdoms arose from two different events in evolutionary history. This convergence suggests that an evolutionary advantage may be bestowed by linking the two proteins, and is consistent with our finding that Fpy1p acts as an FAD pyrophosphatase as fusion with an FAD synthetase would enable co-regulation of two opposing activities. Fusion of the opposing activities in flavin cofactor metabolism has been reported previously in plants in the bifunctional enzyme AtFMN/FHy from A. thaliana [14] . While several enzymes have been cloned that are capable of hydrolyzing FAD, to our knowledge all are members of the Nudix superfamily of hydrolases [31-33,36,37]. The members of this superfamily, of which there are six encoded by the S. cerevisiae genome, possess a conserved 23-amino acid consensus sequence referred to as the Nudix box [38] . Fpy1p, however, lacks the Nudix box and also any general sequence similarity to enzymes of the Nudix superfamily, making it a new type of FAD pyrophosphatase. Despite lacking the Nudix box, FAD pyrophosphatase from S. cerevisiae the activity of Fpy1p resembles that of members of the Nudix superfamily in that it is capable of hydrolyzing an array of nucleotide diphosphate substrates. Also similar to the activity of Nudix proteins, Fpy1p has a clear dependence on the presence of a metal cofactor. Our studies indicate that magnesium and cobalt both support the catalytic activity of Fpy1p, although higher concentrations of magnesium are required than of cobalt to achieve a similar level of activity. As summarized in Table 1 , both metals also support the catalytic activity of FAD pyrophosphatases from diverse organisms. Magnesium and cobalt could be relevant to FAD metabolism, as the FAD synthetase activity of the human homolog of Fad1p was detected at high levels with both cobalt and magnesium [51] . Unlike NUDIX proteins, Fpy1p has a requirement for potassium, a requirement which cannot be fulfilled by other small cations such as sodium. The exact nature of this requirement is unknown, but similar reports have been given for a pyrophosphatase from prokaryotes as well [39] . A previous study that used GFP fusion concluded that Fpy1p localizes to both the cytosol and nucleus [29] . Since the authors report mislocalization of known cytosolic enzymes to the nucleus in their study, and Fpy1p lacks any known nuclear localization tag, it is likely that this protein is cytosolic. Additionally, since the nuclear pore complex is freely permeable to metabolites [52] , any protein targeted to the nucleus would act on the same pool of FAD substrate.
Consistent with a role in FMN homeostasis, we found a strong negative genetic interaction between fpy1 and the riboflavin kinase encoding gene fmn1. Whereas growth of the Δfmn1 deletion mutants can be restored to near wild type levels by supplementation with exogenous FMN [27] the deletion of fpy1 in the Δfmn1 background reduces colony growth by 78% despite no discernible effect of the fpy1 deletion in the wild type background (Fig 5) . Such a negative interaction is strong evidence for complementary function [42] . Thus, these results demonstrate that, in addition to the two previously reported processes that generate intracellular FMN-phosphorylation of riboflavin via FMN1p and uptake from the environment-hydrolysis of FAD via FPY1p is also a physiologically relevant mechanism for maintaining FMN homeostasis. Furthermore, we confirmed the genetic interaction previously reported between FLX1 and FPY1 as evident by the improved colony growth of the double Δflx1/Δfpy1 mutant as compared to the Δflx1 single mutant. This characteristic is evident on both defined MSG plates and YPD plates, confirming that the phenotype is not dependent on the media composition. This same effect is only seen in liquid culture when yeast are grown under hypoxic conditions, or if non-fermentable acetate is used as a carbon source. Analysis of the growth curves suggests that the effect is related to events occurring during the exit of the cells from the stationary phase. Measurements of flavins and NAD(H) reveal that both are increased in the double mutant as compared to the single mutant.
The available evidence, in particular the decreased activity of mitochondrial enzyme activities as observed here and elsewhere [40, 41] , suggests that the Δflx1 mutants suffer from perturbation of the citric acid cycle and mitochondrial electron transport. The decrease in the mitochondrial FAD contents in the Δflx1 mutant perturbs the FAD-dependent mitochondrial metabolism, as shown by the reduced activities of the FAD-dependent enzymes lipoamide dehydrogenase and succinate dehydrogenase (citric acid cycle and the respiratory chain) [40, 41] , that were previously reported and confirmed here ( Table 2 ). The reduced activity of these enzymes would cause perturbed energy production via the citric acid cycle. A reduced mitochondrial FAD concentration could also perturb function of the mitochondrial internal flavin-requiring NADH:ubiquinone oxidoreductase (NDI1), which is required for mitochondrial NADH to enter the electron transport chain. This disruption would further exacerbate the respiratory deficiency. Our new finding that the ADH activity is increased in these mutants suggests that the cells may be attempting to compensate for the defect in the citric acid cycle by increasing ethanol metabolism, which can be used by S. cerevisiae as a means of NADH mobilization [53] . In a previous study, the citric acid cycle was largely disabled by a mutation eliminating NDI1, the internal mitochondrial NAD reductase which is the entry point for electrons from citric acid cycle derived NADH into the mitochondrial electron transport chain [54] . As shown in Fig 8, this change required mitochondrial respiration to proceed entirely via the contribution of reduced NADH from the cytosolic face of the mitochondrial membrane via the external equivalents of NDI1, namely NDE1 and NDE2. Therefore, the mutated yeast could survive on carbon sources that were reduced enough to contribute sufficient cytosolic NADH for energy production, including the fermentable glucose, as well as non-fermentable glycerol. However, the mutant yeast were unable to grow on more oxidized carbon sources, Known routes for production of NADH and subsequent contribution to mitochondrial electron transport chain from catabolism of various carbon sources. Included are glycolysis (blue), the glyoxylate cycle (rose), fermentation (green), and the citric acid cycle (orange), as well as the connecting steps between the pathways. Also shown are the routes for entry of galactose and glycerol catabolic products into the core glycolysis pathway. Abbreviations not described in the text are as follows: Fru-6-P, fructose-6-phosphate; Fru-1,6-BP, fructose-1,6-bisphophate; GAP, glyceraldehyde-3-phosphate; 1,3-BPG, 1,3-bisphosphoglycerate; 3-PG, 3-phosphoglycerate; 2-PG, 2-phosphoglycerate; PEP, phosphoenolpyruvate; Gal-6-P, galactose-6-phosphate; Glu-1-P, glucose-1-phosphate; UDP-Glu, UDP-glucose; UDP-Gal, UDP-galactose; Acetyl-Carn, acetylcarnitine; α-KG, alpha-ketoglutarate; Succ-CoA, succinyl-CoA; GUT2, mitochondrial G3P dehydrogrenase; ETC, electron transport chain.
https://doi.org/10.1371/journal.pone.0198787.g008 such as acetate, presumably because these sources did not contribute sufficient cytosolic NADH to compensate for the citric acid cycle defect in the mitochondria, demonstrating the necessity of the citric acid cycle for energy production under these conditions. It has further been shown that a second FAD-dependent route for entry of cytosolic reducing equivalents into the electron transport chain, the glycerol-3-phosphate (G3P) shuttle, acts additively with the function of the NDEs, albeit with a lesser contribution as shown by growth effects in mutants [55] .
Similar to the NDI1-deficient mutant, the flx1 mutant has a more severe phenotype when grown on acetate then when grown on glucose, likely because of the defective the citric acid cycle in mitochondria, as described above for the NDI1 mutant. Our data suggest that the fpy mutation helps alleviate this phenotype because reduced hydrolysis of FAD and NAD(H) in the mutants lacking Fpy1p in the cytosol helps in two ways: (1) by preserving the FAD needed by the cytosolic NADH-producing dehydrogenases and the G3P shuttle, and (2) by preserving the NADH produced in the cytosol. Thus, our data suggest that the role of Fpy1, a novel and non-Nudix pyrophosphatase, may be coordinating the regulation of FAD and NAD(H) contents in response to metabolic needs of the cell during the stationary phase.
Materials and methods
Materials
Except as otherwise noted, all chemicals and custom PCR primers were obtained from Sigma Aldrich. YeastBuster reagent was obtained from Novagen (Madison, WI). Yeast-Ura dropout supplement was obtained from Clontech (Mountain View, CA). Synthetic Drop-out Mix, minus Lysine, Methionine was obtained from US Biological (Swapscott, MA). FMN that was obtained from Sigma Aldrich was additionally purified as described previously [15] .
Bioinformatic analysis
Comparison of YMR178wp from S. cerevisiae with putative proteins from other species was conducted as follows: using the BLASTp suite available from NCBI (http://www.ncbi.nlm.nih. gov/), with YMR178wp as the query sequence, sequence homologs were identified in multiple species; for further analysis, we selected the homologs from a representative mammal (Homo sapiens, hFADS2), fish (Danio rerio, AAH80254), invertebrate animal (Caenorhabditis elegans, NP_001022287), green alga (Chlamydomonas reinhardtii XP_001693086), dicot plant (Arabidopsis thaliana, At5g03430), and monocot plant (Oryza sativa, OsI01253). Alignments were performed using ClustalW2 software (http://www.ebi.ac.uk/Tools/msa/clustalw2/) in conjunction with shading using BoxShade 3.21 (http://www.ch.embnet.org/software/BOX_form. html). Domain structure illustrations were created using DOG 2.0 [56] .
ORF cloning, vector construction, and expression in S. cerevisiae
The YMR178w open reading frame was acquired in vector BG1805 from Open Biosystems (Lafayette, CO). The open reading frame, excluding the stop codon, was amplified using PfuTurbo DNA polymerase (Stratagene, Santa Clara, CA) and the primer pair 5'-AAAAAAGCAG GCTTCATGGTGAAAGTAACTGCA-3' (forward), and 5'-AGAAAGCTGGGTCGCTCTCCTG GTTCGAGAA-3' (reverse). Note that the primers comprise both the Ymr178w-specific region (plain text), and the sequence that is needed for further downstream amplification by attB primers (underlined). The resulting PCR fragment was re-amplified using attB primers (Invitrogen), then separated by agarose gel electrophoresis, and purified using Wizard PCR columns (Promega, Madison, WI). The PCR product was sub-cloned by BP recombination into the pDONR221 vector (Invitrogen). The YMR178w open reading frame was transferred into the pYES-DEST52 destination vector from the pDONR221 construct via LR recombination. All cloning procedures were done in accordance with the manufacturer's protocols. The constructs were verified by DNA sequencing.
The S.c. EasyComp Transformation Kit (Invitrogen) was used to generate chemically competent cells of the S. cerevisiae strain Y258 (Open Biosystems). The expression vector was transformed into these yeast following the manufacturer's protocol. Yeast carrying the expression vector were cultured at 30˚C in synthetic-Ura dropout medium (6.7 g/l yeast nitrogen base with ammonium sulfate, 0.77 g/l dropout supplement, 20 g/l raffinose). Once OD 600 reached 1.0-1.2, 3x expression medium (30 g/l yeast extract, 60 g/l tryptone, 60 g/l galactose) was added at 50% of the culture volume, and incubation was continued for six hours before harvesting cells at 5000 × g and 4˚C for 10 minutes.
Recombinant protein isolation and native molecular weight determination
Extract of the S. cerevisiae cells expressing the recombinant protein was prepared by resuspending the cell pellet in 1x Yeastbuster with THP solution at a ratio of 5 ml of Yeastbuster per 1 g wet weight of cell pellet. After incubating at room temperature for 20 minutes with gentle shaking, the extracts were cleared by centrifugation at 16,000 × g, 4˚C for 20 minutes. The recombinant proteins were purified from the cell lysate using an Ä kta FPLC system equipped with 1-ml IMAC columns (GE Healthcare) charged according to the manufacturer's protocol. All chromatography steps were performed at 4˚C. A column charged with Cu 2+ was equilibrated with Binding Buffer (50 mM potassium phosphate, pH 8.0, 500 mM KCl, 20 mM imidazole, 1 mM THP and 0.5% Tween-20) before loading the clarified cell lysates. Unbound proteins were removed by washing with 15 column volumes of Binding Buffer, followed by elution of bound proteins by a linear gradient of Binding Buffer to Elution Buffer (50 mM potassium phosphate, pH 8.0, 500 mM KCl, 500 mM imidazole, 1 mM THP, and 0.5% Tween-20) over 15 column volumes. Fpy1p eluted at~125 mM imidazole. Fractions containing the desired protein were pooled and loaded directly onto a Ni
2+
-charged IMAC column equilibrated with Binding Buffer, which was then washed with 10 column volumes of Binding Buffer before elution with a linear gradient of Binding Buffer to Elution Buffer over 20 column volumes. The desired protein eluted at~225 mM imidazole. Fractions containing Fpy1p were pooled and immediately desalted into Protein Storage Buffer (50 mM Hepes KOH, pH 7.0, 500 mM L-arginine HCl, 1 mM THP, 0.5% Tween-20) using Zeba™ Desalt Spin Columns (Thermo Scientific, Rockford, IL). Desalted samples were aliquoted and stored at -80˚C until use.
Molecular weight of the native protein was estimated by gel filtration chromatography on a Superdex 200 10/300 column (GE Healthcare) equilibrated with gel filtration buffer (50 mM potassium phosphate, pH 7.5, 150 mM KCl, 100 mM L-arginine HCl, 0.1% Tween-20, and 1 mM THP). A calibration curve was generated using the following gel filtration standards from Sigma Aldrich: Cytochrome c (12.4 kDa), Carbonic Anhydrase (29 kDa), Bovine Serum Albumin (66 kDa), Alcohol Dehydrogenase (150 kDa), and β-Amylase (200 kDa). Standards were detected by measuring absorbance at 280 nm in 100-μl fractions collected after the chromatographic separation, while the Fpy1p activity was detected by enzymatic assay.
Enzyme assays
Unless otherwise indicated, the procedures described below were used. Initial reaction rates at steady state were measured. Product formation was proportional to enzyme concentration and time. Less than 10% of the substrates were consumed in reactions. Assay buffer was 100 mM Hepes-KOH, pH7.0, 200 mM KCl, and 1 mM THP. Metal ions were added as described under the individual results. Assay volume was 25 μl.
Reactions were incubated at 30˚C for 20 minutes, then quenched by addition of saturated formic acid to 5% of the assay volume. Precipitated protein was removed by centrifugation at 1500 x g for 15 minutes at 4˚C. Reaction products and substrates were separated by reversephase chromatography using a Waters Alliance 2695 HPLC system with a Waters SunFire C 18 column (4.6 × 150 mm, 3.5 μm) linked to a 2475 fluorescence detector, and were measured by fluorescence detection using an excitation wavelength of 470 nm and an emission wavelength of 530 nm. The mobile phase contained 100 mM ammonium formate, 100 mM formic acid, and 20% methanol. Product formation was determined from fluorescence by comparison to standards. FMN and FAD concentrations in standard solutions were determined spectrophotometrically [57] . Alternatively, the reaction product AMP was detected after derivatization at 80˚C for 10 minutes in a final volume of 175 μl that contained the entire quenched reaction mixture, 3.6% chloroacetaldehyde, and citrate/phosphate (0.48 M and 0.59 M, respectively) buffer, pH 4.0 [58] . Derivatized samples were immediately cooled on ice, then centrifuged at 1500 x g, 4˚C for 1 hour. Samples were separated by HPLC using a Waters XTerra MS C 18 column (4.6 × 100 mm, 5 μm). Separation was performed using the gradient in S1 Table. Derivatized AMP was measured by fluorescence detection using an excitation wavelength of 280 nm and an emission wavelength of 410 nm. Enzymatic product formation was determined by subtracting a blank in which enzyme was added after incubation.
The K m and k cat values were determined by varying the substrate concentration. The results were fit to the Michaelis-Menten equation using non-linear regression analysis software of the Enzyme Kinetics Module 1.2 in SigmaPlot 9.0.
Mutant strain development and growth
Haploid deletion mutant strains for fpy1 in a BY4742 background (MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0) and flx1 in a BY4741 background (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) were acquired from Open Biosystems. Single colonies of each strain were picked from fresh YPD streak plates, patched together onto YPD agar, and incubated for 30˚C to permit mating. After four hours, mated yeast were streaked onto selective SD/His/Ura/Leu plates (6.7 g/l yeast nitrogen base with ammonium sulfate, 20 g/l dextrose, 20 μg/ml histidine, 20 μg/ml uracil, 30 μg/ml leucine), and the resultant heterozygous double mutant were grown at 30˚C. Sporulation and random spore analysis were performed as described previously [59] , with the exception that a glucose-free sporulation medium was used (10 g/l potassium acetate, 20 μg/ml histidine, 20 μg/ml uracil, 30 μg/ml leucine). DNA was isolated from resultant colonies by the Bust n'Grab method [60] , and used in PCR to identify the mutant genotype. Primer sequences were selected based on the recommendation of Open Biosystems (S2 Table) . All identified strains were verified as haploid by their inability to sporulate using the method described above, and their mating type determined by observation under light microscopy for development of shmoos in the presence of either a known MATa or MATα strain. MATα strains for wild-type, Δfpy1, Δflx1, and Δflx1/Δfpy1 were isolated. To generate Δfmn1 deletions, one-step gene replacement was employed in the wild-type and Δfpy1 MATα backgrounds. The nourseothricin-resistance gene (NourS) was amplified from plasmid pAG25 [61] using the primers 5'-CGTGAAGCGGTCACAGACACGTGTTGTTGAAGTGTTGATG CAGCTGAAGCTTCGTAC GC-3' and 5'-TAAGAAAAACTACTAGCCTCATCACTCCCGCAGATCTCTA GCATAGGCCAC TAGTGGATCTG-3', which include extensions (underlined) corresponding to the flanking sequences of fmn1. One step integration was performed to incorporate PCR products into the yeast genome to replace the fmn1 gene with the nourseothricin-resistance gene following the previously published protocol [62] . The transformants were subsequently plated on YPD medium supplemented with 4 mM riboflavin 5'-monophosphate sodium salt hydrate (FMN-Na) (SigmaAldrich) and 200 mg/L nourseothricin to select for incorporation of the resistance gene. To verify the gene replacement, colonies surviving selection were subject to DNA extraction using the ZymoprepTM Yeast Plasmid Miniprep I kit (Zymo Research), and PCR verified by presence of an amplicon using NourS primers (5'-CAGGGGCATGATGTGACTGT-3' and 5'-GTACTG ATTAGGGGCAGGGC -3') and absence of an amplicon with fmn1-specific primers (5'-AATA CCTGCGCAACCAGGTC and 5'-CTTGACCCTGGCCCCATAAA-3').
To determine the relative fitness of the mutants, single colonies of each strain were grown overnight in liquid YPD (with FMN supplementation where applicable) at 30˚C with shaking. Overnight culture was diluted and spread on SD-MSG/His/Ura/Leu plates (0.71 g/l YNB-Potassium Phosphate [Sunrise Science, San Diego, CA] 1 g/l KH 2 PO 4 , 1 g/l L-glutamic acid, 20 μg/ml histidine, 20 μg/ml uracil, 30 μg/ml leucine, 15 g/l bacto agar) or YPD plates (with FMN supplementation where applicable). After 48 and 72 hours for the YPD and SD-MSG plates, respectively, digital photographs were taken, including grid paper for size reference. Using ImageJ software [63] , the diameter of colonies was measured. Additionally, overnight cultures pregrown in YPD were used to inoculate liquid flask cultures of YP media with the appropriate carbon source (2% dextrose, 3% glycerol, or 1% sodium acetate) to OD 600 of 0.05, 1 cm path length. Cultures were grown at 30˚C with shaking, and OD 600 measurements were taken at regular intervals. For growth under hypoxic conditions, YPD medium was saturated with N 2 gas and flasks were sealed with robber stopper. Yeast cells were incubated at 30˚C without agitation, and OD 600 measured as above.
Isolation of mitochondria
Mitochondria were isolated from liquid cultures of all strains at late log phase following a previously published method, except culture medium was altered as applicable [64] .
Mitochondrial enzyme assays
Mitchondria were disrupted by dilution of 50-μl mitochondrial suspension with 200 μl of 50 mM potassium phosphate, pH 7.8 containing 0.5% Tween-20, followed by three cycles of freezing and thawing. This suspension was assayed directly for succinate dehydrogenase activity using a previously published method [65] at 1.8 mM phenazine methosulfate, except 1 mM 8-hydroyquinoline was used in place of potassium cyanide, as it has previously shown to be suitable [66] . Disrupted mitochondria were centrifuged at 20,800 × g, 4˚C, for 15 minutes and the supernatant desalted into 50 mM potassium phosphate, pH 7.8, using Zeba™ Desalt Spin Columns. The resultant protein suspension was assayed for lipoamide dehydrogenase according to published procedure [67] , except lipoamide stock solutions were prepared in dimethylformamide to eliminate the substantial effect of alcohol dehydrogenase on NADH concentrations in the assay, encountered when stock solutions were prepared in ethanol. The same suspensions were assayed for alcohol dehydrogenase activity according to a published method [68] . Identically prepared mitochondrial protein suspensions were used in FAD pyrophosphatase assays as described above, except KCl was decreased to 150 mM, and HEPES-KOH pH 7.0 was replaced with potassium phosphate pH 7.8 to better reflect the pH of the mitochondrial matrix and the previously described pH optimum for mitochondrial FAD pyrophosphatase activity [26] .
Analysis of metabolite content
Flavin contents were measured using a procedure adapted from [69] . Yeast cultures were pelleted by centrifugation at 5000 × g, 4˚C for 10 minutes. Pellets were resuspended in pure water and centrifuged again. Yeast pellets were then resuspended in flavin extraction solution (9:10 methanol:methylene chloride) at a ratio of 20 μl per milligram of cell paste. Nine parts 0.1 M ammonium acetate, pH 6.0 was added per 19 parts of flavin extraction solution and vortexed to mix. Samples were then centrifuged at 5000 × g at room temperature. Flavins in the upper, aqueous phase were passed through a 0.45 μm filter before being separated and quantified as described above for enzyme assays.
NAD and NADH contents were determined using the method adapted from a previously published protocol [70] . Briefly, 600 μl ammonium acetate (50 mM, saturated with N 2 gas) was added to 200 μl mitochondrial suspension and vortexed to mix. Mitochondia were disrupted by five cycles of freezing and thawing, then centrifuged at 10,000 × g for 1 min at 4˚C. The supernatant was saved, and the pellet was extracted in 600 μl of a N 2 -saturated acetonitrile and 50 mM ammonium acetate (3:1 v/v) before centrifugation at 10,000 × g for 5 min at 4˚C. The resulting supernatant was pooled with the prior supernatant. Lipids were extracted with chloroform before the resulting aqueous phase from three preparations were pooled, snap frozen, and lyophilized for 15 h. Lyophilized samples were resuspended in 100 μl ice-cold 50 mM ammonium acetate, passed through a 0.45 μm filter, and analyzed by HPLC.
NAD and NADH were isolated from cytosolic supernatant as above with the following changes: 1.5 ml ammonium acetate (50 mM, saturated with N 2 gas) was added to 200 μl cytosolic supernatant, vortexed to mix, and centrifuged at 10,000 × g for 1 min at 4˚C. The remaining procedures were kept the same as above.
Investigation of yeast protein-protein interaction
Yeast bait and prey strains were acquired from the Protein Interactome collection at Open Biosystems (Lafayette, CO). Individual interactions were tested using a method adapted from Tarassov et al [71] . Single colonies of a single bait strain and a single prey strain were picked from YPD plates, patched together on YPD agar, and incubated at 30˚C for 4 hours to permit mating. To select for diploids, mated yeast were streaked onto selective SD-Lys-Met plates (6.7 g/l yeast nitrogen base with ammonium sulfate, 20 g/l dextrose, 2 g/l Synthetic Drop-out mix minus lysine, methionine) supplemented with 250 μg/ml hygromycin B and 100 μg/ml nourseothricin. To test for a physical interaction, the diploid strains were spotted onto SD-LysMet plates supplemented with 200 μg/ml methotrexate [72] .
RNA extraction and gene expression analysis
Wild-type and Δfpy1 yeast were grownhto log phase in YPD. Total RNA was extracted using the PureLink RNA Mini Kit (Ambion, Carlsbad, CA), following the manufacturer's instructions for extraction by enzymatic disruption, and including the optional on-column Purelink DNase treatment. Reverse transcription was performed on 2 μg of RNA using Omniscript Reverse Transcription Kit (Qiagen, Hilden, Germany). The resulting cDNAs were diluted 1:10 in water and used in quantitative RT-PCR for determination of relative expression of FAD1, FMN1, and FLX1. Reference genes were TFC1, ALG9, and UBC1, based on previous recommendations [73] . Primers were designed using the Primer-BLAST tool from NCBI (S3 Table) . Reactions consisted of 200 μM dNTP mix (Fermentas), 1x Platinum Taq Buffer, 2.5 mM MgCl 2 , 0.25x SYBR Green, 50 nM ROX, 0.5 units Platinum Taq DNA polymerase (all Invitrogen), and 0.25 μM custom primers from Sigma Aldrich. Real-time PCR was performed using an Applied Biosystems 7500 Real Time PCR System. Amplification was performed using a 7-min initial denaturation step at 95˚C, followed by 40 cycles of a 15-s denaturation step at 95˚C and a 1-min annealing/extension step at 60˚C. All reactions were carried out in triplicate, and amplicon quality was analyzed using the melting curve function carried out by the Applied Biosystems 7500 PCR System. Relative expression was determined from the C T values using the 2 -ΔΔCT method [74] . 
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